ABSTRACT During visual system development, programmed cell death occurs in order to facilitate the establishment of correct connections and synapses. During this period, glutamate plays a very important role as an excitatory neurotransmitter. With a view to evaluating if NMDA glutamate receptors participate in the regulation of apoptosis which occurs during the development of the rat retina, we subcutaneously injected the NMDA receptor antagonist MK-801 into rats at different stages of early postnatal development (P2 to P9). Ensuing cell death in the retina and superior colliculus was analyzed by using the Feulgen method. MK-801 administration had no effect on the survival of photoreceptor cells. In contrast, the presence of this antagonist induced a significant increase in the number of apoptotic cells in the neuroblastic layer (P7 and P8) and ganglion cell layer (P6-P8), as well as in the superior colliculus which receives afferent contacts from retinal ganglion cells during P7-P9. We conclude that during development, specific types of cells in the mammalian retina are critically dependent for their survival on glutamate stimulation through NMDA receptors. These findings thus throw fresh light on the mechanisms of development of the rat visual system by identifying NMDA glutamate receptors as participants in the regulation of apoptotic processes which occur during the initial stages of development.
Introduction
The newborn rat retina is organized into two layers: the innermost cellular stratum is known as the ganglion cell layer (GCL) which contains retinal ganglion cells (RGCs) and displaced amacrine cells and the outer cellular stratum which is known as the neuroblastic layer (NBL). At later stages of development, the inner part of the NBL (future inner nuclear layer) contains differentiating amacrine cells and a single row of horizontal, bipolar and Müller cells. The outer part of the NBL (future outer nuclear layer) is made up of a layer of photoreceptors undergoing differentiation. Towards adulthood, the NBL becomes laminated into two nuclear and two plexiform layers.
During retinal development, different cell types are produced and migrate to their corresponding layer where they differentiate and form appropriate synaptic connections. RGCs project to the superior colliculus and pretectal nuclei (Dreher et al., 1985) . The majority of RGCs project contralaterally; thus in albino rats, less than 1% of the total RGC population located in the temporal retina projects to the ipsilateral superior colliculus.
Apoptosis or programmed cell death (PCD) represents the most common mechanism to regulate cell number during visual system development. It has been demonstrated that during the first 10 postnatal days in the rat, around 50% of newly generated RGCs die after reaching their targets (Perry et al., 1983) . This represents a large underestimation of RGC elimination, since the migration of newly generated RGCs to their layer occurs over several days and many RGCs die before they reach their definitive location in the retina. Thus, it has been estimated by studying the elimination of RGCs generated at defined embryonic stages, that as many as 90% of RGCs die during the first postnatal week in rats (Galli-Resta and Ensini, 1996) . The extent of apoptotic death in other retinal cell populations during development has not been precisely estimated to date. However, the relatively low number of photoreceptor cells observed with degenerating profiles indicates that during rat postnatal development, PCD does not affect this cell population very much (Vogel and Möller, 1980) . In the rodent superior colliculus, PCD is also important for the Abbreviations used in this paper: GCL, ganglion cell layer; INL, inner nuclear layer; NBL, neuroblastic layer; ONL, outer nuclear layer; PCD, programmed cell death; RGC, retinal ganglion cell.
completion of appropriate RGC projections. It has been shown that restriction of the transient ipsilateral projection to the superior colliculus is achieved by preferential elimination of ipsilaterally projecting RGCs during the period of naturally occurring cell death (Insausti et al., 1984) . Intrinsic cell death programs seem to be activated by the absence of trophic support and by cell competition for limited synaptic space (Galli-Resta and Resta, 1992; Martin et al., 1996) . Moreover, other factors such as neurotransmitters seem to regulate apoptosis during development. Neurotransmitters are present in the retina during early stages of development when synapses are still not present (Redburn and Rowe-Rendleman, 1996) . The neurotransmitter glutamate, which is the main excitatory neurotransmitter in the vertebrate retina (Massey, 1990; Bodnarenko et al., 1995) , is involved in processes such as differentiation, migration, maturation, cell motility and neurite outgrowth during development (Lauder, 1993) . Glutamate is a survival factor for both differentiating and proliferating cells in the developing retina. In this sense, it has been shown that the protective effect of glutamate against cell death is mediated by NMDA receptors and depends on neurotrophic factors such as BDNF and its receptor TrKB (Rocha et al., 1999; Martins et al., 2005) .
The glutamate receptor family is made up of two main groups of receptors: the ionotropic glutamate receptors, which are ligand gated ion channels sensitive to N-methyl-D-aspartate (NMDA receptors) and α-amino-3-hydroxy-5-methyl-4-isoxasole-propionate (AMPA/kainate receptors); and the metabotropic glutamate receptors which act through second messenger systems (Hollmann and Heinemann, 1994; Mori and Mishina, 1995) . NMDA receptors are hetero-oligomeric channels composed of different subunits: NR1, NR2A-D (Laube, 1998; Rosenmund et al., 1998) and NR3A (Ciabarra et al., 1995; Wong et al., 2002) . Assembly of a functional receptor requires the presence of an NR1 subunit and one or more NR2 subunits (NR2A, NR2B, NR2C and NR2D). NMDA receptor subunits show distinct distribution patterns in synaptic layers and also among the various retinal cell types, suggesting that different types of heteromeric glutamate receptors exist at all levels of retinal information processing and that they are differentially distributed during development. For example, rod bipolar cells do not express the NR1 subunit, which is thought to be essential to form functional NMDA receptors, nor the NR2B subunit in the tissue which will make up the future outer nuclear layer (ONL) until postnatal day 9 (Gründer et al., 2000) . In the rat brain, the composition of NMDA receptors is also developmentally regulated, such that NR2B subunits are highly expressed in the forebrain and midbrain of juveniles, whereas NR2A-containing receptors predominate in adulthood (Watanabe et al., 1992; Monyer et al., 1994) .
MK-801 is an NMDA receptor antagonist which prevents signal transmission by means of the blockade of NMDA receptor ion channels. Application of MK-801 both locally, in the developing rat retina and systemically leads to alteration of the topographic retino-collicular projection (Simon et al., 1992) and modification of the pattern of RGC death. Thus, in normal development, apoptosis is mainly observed in the RGCs which project erroneously to the superior colliculus (Crespo et al., 1985) , whereas after MK-801 administration, RGC death is not only observed in these cells, but also in RGCs which have projected to the right place in the superior colliculus (Cline and Constantine-Paton, 1989 ). On the other hand, ethanol can antagonize NMDA receptors and exert GABA mimetic effects (Lovinger at al., 1989; Hoffman et al., 1989) by interfering with major neurotransmitter systems during critical periods of development. In this sense, ethanol can cause apoptosis in neurons, when coinciding with the period of synaptogenesis (Dobbing and Sands, 1979) . For example, during visual system development in postnatal rats and mice, ethanol triggered degeneration of neurons in the GCL (Stromland and Pinazo-Duran, 1994) and in the lateral geniculate nucleus, superior colliculus and visual cortex of the brain (Tenkova et al., 2003) . As well as ethanol, memantine is a neuroapoptotic drug which blocks NMDA glutamate receptors and it has been reported to exert a toxic effect on RGCs when administrated to neonatal mice (Nardi et al., 2004) .
A variety of studies have examined the effect of antagonism of NMDA receptors in the mammalian visual system on the establishment of visual projections and connections in the postnatal rat superior colliculus, (Bunch and Fawcett, 1993) , on retinogeniculate afferents in ferret kittens (Hahm et al., 1991; Hahm et al., 1999) and in the prevention of ocular dominance plasticity in the kitten visual cortex (Bear et al., 1990) among others. However, the effect of NMDA blockade in the different layers of the retina at different postnatal days during development is currently unknown. Thus, in the present study we analyzed and quantified the apoptotic effect of NMDA receptor antagonism on the different populations of retinal cells at different stages of development (P2 to P9) of the rat retina. Also we analyzed apoptosis occurring during the development of the rat superior colliculus in order to examine the effect of target cell death on RGC survival. The present results demonstrate that blockade of NMDA receptors with the antagonist MK-801 produces an increase in apoptosis during the early development of the retina. This increased apoptosis is evident in all of the layers of the retina, with the exception of the layer of photoreceptors and affected RGC target cells in the superior colliculus.
Results

Apoptosis in the retina after MK-801 treatment
MK-801 produced an increase in the number of apoptotic cells in the total retina. This increase (116%) was statistically significant (p < 0.01) at P8 (80 ± 12 cell / mm 2 vs. 37± 5 cell / mm 2 , MK-801 and control respectively) (Fig. 1) .
In the GCL, the increase in the number of apoptotic cells in response to MK-801 treatment was statistically significant (p < 0.01) at stages P6 (128% increase; 82 ± 12 cell / mm 2 vs. 36 ± 5cell / mm 2, MK-801 and control, respectively), P7(169% increase; 129 ± 24 cell / mm 2 vs. 48 ± 11cell / mm 2, MK-801 and control respectively), P8 (151% increase; 191 ± 83 cell / mm 2 vs. 76 ± 11cell / mm 2, MK-801 and control respectively) and P9 (101% increase; 149 ± 15 cell / mm 2 vs. 74 ± 2 cell / mm 2 , MK-801 and control respectively) ( Figs. 2A and 3) .
In the inner NBL, which is the prospective INL, MK-801 caused a significant increase (p < 0.01) in the number of apoptotic cells at P7(95% increase; 127 ± 21 cell / mm 2 vs. 65± 4 cell / mm 2 MK-801 and control, respectively) and at P8 (92% increase; 200 ± 23 cell / mm 2 vs. 104 ± 17 cell / mm 2 , MK-801 and control respectively, p < 0.01). However, we did not observe any effect of MK-801 on the number of apoptotic cells at P9 (Fig. 2B) .
Analyzing apoptosis occurring in each retinal layer, we found that in the outer NBL, future ONL (where photoreceptor cells are undergoing differentiation), apoptosis occurred from stages P2 following MK-801 treatment. Thus, we observed a significant increase in the apoptosis of cells in the GCL during the P6 to P9 stages, with a peak of maximum death around P8. This increased death may be a consequence of enhanced death of the target cells in the superior colliculus which receive RGC projections. In order to verify this possibility, we analyzed the death of cells in zones of the superior colliculus which receive retinal afferents, at stages P5, P7 and P9. We show that MK-801 administration produces a large increase in the number of apoptotic cells during P7 in the zone comprising the optic stratum (OS) and the superficial grey stratum (SGS) of the superior colliculus. Since we observed a massive loss of cells in the GCL during P8, it is possible that this happens in response to the death of their target cells, via a mechanism known as «retrograde transneuronal degeneration» (Perry and Cowey, 1979) . It is interesting to note that during the first days of postnatal development, the death of RGC target cells in the superior colliculus appears to occur one day before the maximum peak of RGC death in the retina; thus, during postnatal development of the rat retina, the interruption of synaptic contact and consequently of the passage of neurotrophic and survival factors between superior colliculus cells and RGCs may provoke an increase in cell apoptosis in the ganglion cell layer of the retina. This finding demonstrates the importance of establishing synaptic connections between cells of the visual system, particularly during the initial stages of development.
Some authors have suggested that the effect of MK-801 on the fine tuning of rat visual projections is produced via blockade of NMDA receptors in the superior colliculus, rather than directly via RGCs (Bunch and Fawcett, 1993) . However, it is known that RGCs express NMDA receptors from the first weeks of development (Gründer et al., 2000) and that glutamate is one of the most abundant excitatory neurotransmitters in the retina (Nicoletti et al., 1996) . Thus, the increase in apoptosis in the GCL following MK-801 administration is likely to also involve a direct action of the antagonist on NMDA receptors in the retina. In this sense, it has been shown that the survival of neonatal rat RGCs in vitro depends on glutamate, since glutamate is involved in the regulation of electrical activity of developing rat RGCs (Govindaiah et al., 2002) .
The present results indicate that MK-801 administration induces an increase in apoptosis in the NBL, between stages P7 and P8. Of the cells which make up this layer, horizontal cells and amacrine cells express functional NMDA receptors during these stages of development (Gründer et al., 2000) , Thus, MK-801 may provoke cell death in this layer via direct blockade of NMDA receptors. Nevertheless, other possibilities should also be considered. Thus, it has been shown that RGCs present spontaneous electrical activity during embryonic stages of development (Weidman and Kuwabara, 1968; Kuwabara and Weidman, 1974; Maffei and Galli-Resta, 1990 ). This spontaneous activity is known to be essential for the topographic fine-tuning of RGC projections. We found that a significant increase in apoptosis in the NBL takes place between P7 and P8. This increase is subsequent to the death of RGCs in P6 raising the possibility that cell death in outer layers of the retina may be due in part to the prior death of RGCs.
MK-801 was not found to have any significant effect on the apoptosis of photoreceptors during any of the different stages analyzed. It has been reported that some subunits of glutamate (39 ± 3 cell / mm 2 vs. 28 ± 4 cell / mm 2, MK-801 and control respectively p < 0.01) to P7 (44 ± 4 cell / mm 2 vs. 24 ± 7 cell / mm 2 MK-801 and control respectively p < 0.01), but was not significantly enhanced by MK-801. No cells with an apoptotic appearance were observed in the ONL from P8 onwards (Fig. 2C) .
Apoptosis in the superior colliculus after MK-801 treatment
Apoptosis in the superior colliculus was examined using the Feulgen method in control and MK-801-treated animals at developmental stages P5, P7 and P9, because these stages include the most important period of RGC death by apoptosis and we wanted to study the effect of target cell death on RGC survival. The number the apoptotic cells at stage P5 in the control superior colliculus was 169 ± 28 cell / mm 2 . This value was not significantly modified by MK-801 (170 ± 9 cell / mm 2 ). However, MK-801 led to a significant increase (p < 0.01) in the density of apoptotic cells in the superior colliculus at P7 (33% increase; 274 ± 19 cell / mm 2 vs. 206 ± 17 cell / mm 2 , MK-801 and control respectively) and at P9 (82% increase; 149 ± 9 cell / mm 2 vs. 82 ± 4 cell / mm 2 , MK-801 and control respectively) (p < 0.01) (see Fig. 4 ).
Discussion
In the present study, we analyzed the effect of NMDA receptor antagonism on the apoptosis of different cell populations in the retina and superior colliculus during rat postnatal development. NMDA receptors are expressed in the superior colliculus (Watanabe et al., 1992; Monyer et al., 1994) and distinct types of NMDA receptors are known to be differentially expressed in horizontal cells, amacrine cells and RGCs (Gründer et al., 2000) . Indeed, there receptors are expressed early in the visual system and as a consequence, NMDA receptors are thought to be associated with plasticity processes during the formation of retinal circuitry (Weidman and Kuwara, 1969; Hermes et al., 1992) . Here we report how NMDA receptor antagonism differentially enhances the apoptosis of different cell types in the developing retina.
MK-801 administration was found to increase programmed cell death in the retina. However, not all cell types were affected to the same degree. Some cells, such as RGCs are particularly affected receptors, such as NR2B, are not expressed in this cell layer until stages subsequent to P9 (Gründer et al., 2000) . The absence of this subunit, which could be essential for the functionality of the receptor, may explain why MK-801 does not alter the process of apoptosis in photoreceptors during the analyzed developmental periods and hints at strategies for blocking apoptosis in retinal pathologies involving excessive cell loss.
In summary, the present study demonstrates that the blockade of NMDA receptors during early postnatal rat development induces increased apoptosis in different retinal cell types, with the exception of photoreceptors, indicating that glutamate, via NMDA receptors, plays an important role in the regulation of apoptotic processes which take place during the development of the retina. Moreover, NMDA receptor blockade also enhances apoptosis in the superior colliculus; thus, increased death of these RGC target cells may contribute to the enhanced death in cells of the GCL seen one day later. We have analyzed cell death induced by NMDA receptor blockade during the first postnatal days in the different retinal layers and the present findings confirm the importance of this neurotransmitter for the correct establishment of visual circuitry during development, both at the level of the retina as well as in the superior colliculus. Overall, these findings may have relevance to human retinal and neurodevelopmental diseases associated with postnatal exposure to drugs which affect NMDA receptors, such as alcohol as well as ketamine and nitrous oxide, two NMDA antagonists used in anesthesia.
Materials and Methods
Animal handling
Fifty six postnatal Sprague-Dawley rats from 3 different litters were used in the present study. Newborn animals were considered P0 (postnatal day zero). According to Ikonomidou et al. (1999) , the apoptosis triggered by MK-801 in the developing brain was high between P0 and P3 and increased further between P3 and P7. Thus, in order to cover the critical postnatal stages, we analyzed the remaining postnatal days, P2, P3, P5, P6, P7, P8 and P9. P4 rats were not used in this study since the corresponding litters were very large and the animals were consequently of low weight. Five experimental and 3 control animals from each stage of development were analyzed. Experimental animals were treated with MK-801 (0.5 mg per kilogram of body weight, subcutaneous) at 8, 16 and 24 h before anesthesia with 7% chloral hydrate (0.42 mg/g body weight). Thus, to analyze for example postnatal day 2 cases, we treated the animals at P1 by injecting them three times (every 8 hours) before sacrifice at P2. The protocol was identical for all other studied postnatal stages. Control animals were equivalently injected with saline solution. P2, P3 and P5 rats were beheaded, whereas P6, P7, P8 and P9 rats were perfused through the ascending aorta with 0.9% NaCl followed by 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS).
Tissue preparation
Brains and eyes were dissected out. Eye cups made up of retina, choroids and sclera were prepared. The lenses were removed to facilitate cutting of the sections. This tissue was then fixed for three hours with 4% paraformaldehyde in PBS and subsequently cryoprotected in 30% sucrose for 12 hours at 4°C, embedded with Tissue Tek (Leica, Heidelberg, Germany) inside and around the eye cup and frozen in liquid nitrogen. Retinas from each stage of development in the control and treated groups were dorsoventrally sectioned at the level of the optic nerve at 14 µm using a cryostat. Six 60 µm coronal sections of the superior colliculus were cut using a cryotome.
Sections from the superior colliculus and retina were collected onto gelatinized slides and stored at -20°C until they were analyzed.
Detection of apoptosis
Retinal and collicular sections were assessed by the Feulgen method. This method, a classical histochemical technique based on the staining of DNA, has been demonstrated to yield more complete information about the number of apoptotic cells as it is possible to stain the different phases of the cell death in contrast to other techniques which are more restrictive (Vecino et al., 2004) . Six retinal sections from each stage of development (P2, P3, P5, P6, P7, P8 and P9), together with six collicular sections at stages P5, P7 and P9 were obtained from control and MK-801 treated animals. After rehydration, sections were exposed to 1N HCl at 60°C for 8 minutes. Then, sections were washed in distilled water and exposed to a Schiff reagent (in this case, an aqueous solution of Cresyl-violet and sulphurous acid used to detect the presence of aldehydes) for 1 hour in darkness at room temperature. The sections were washed in sulfurous water (10% sodium metabisulfite in distilled water), dehydrated and coverslipped. These sections were examined using an optic microscope (Axiolab, Zeiss).
Counting methods
In order to estimate the extent of apoptosis, images of the whole retina and collicular sections were captured using a digital camera (Coolsnap, RS Photometrics, Tucson, USA) coupled to a microscope. In the superior colliculus, we measured two areas: the stratum opticum (SO) and the stratum griseum superficiale (SGS) to which RGCs project. Apoptotic cells per mm 2 were counted in these areas. In the retina, we identified the inner NBL (future inner nuclear layer), the outer NBL (future outer nuclear layer) and the GCL on the basis of their histomorphology. The outer NBL being identified as a layer of elongated cells and the inner NBL being identified as a layer of more rounded cells. Measurements from each section were performed directly on the computer screen by using a digital pallet (Easypen, Genius) and Spot software (Diagnostic Instruments Inc, Sterling Heigfts, MI).
Statistical analysis
The mean number of apoptotic cells / mm 2 was calculated for each developmental stage using six adjacent retinal and collicular sections for each treatment group. We used SPSS software (SPSS Sciences, Chicago, IL) and the ANOVA test followed by the Scheffé test in order to compare the number of apoptotic cells among the different retinas and the different superior colliculus sections at the same stage. Comparison of the results obtained for control and MK-801 treated animals at each stage was performed by using the Student t test. The minimum level of significance was defined as p < 0.05.
